The goal of the present study was to examine how social subordination stress and 5HTT polymorphisms affect the development of brain serotonin (5HT) systems during the pubertal transition in female rhesus monkeys. We also examined associations with developmental changes in emotional reactivity in response to a standardized behavioral test, the Human Intruder (HI). Our findings provide the first longitudinal evidence of developmental increases in 5HT1A receptor and 5HTT binding in the brain of female primates from pre-to peripuberty. The increase in 5HT1A BP ND in these socially housed female rhesus monkeys is a robust finding, occurring across all groups, regardless of social status or 5HTT genotype, and occurring in left and right hemispheres of all prefrontal regions studied, as well as amygdala, hippocampus, hypothalamus, and raphe nuclei. 5HTT BP ND also showed an increase with age in raphe, anterior cingulate cortex, and dorsolateral prefrontal cortex. These changes in brain 5HT systems take place as females establish more adult-like patterns of social behavior, as well as during the HI paradigm. Indeed, the main developmental changes in behavior during the HI (increase in freezing and decrease in submission/appeasement) were related to neurodevelopmental increases in 5HT1A receptors and 5HTT, because the associations between these behaviors and 5HT endpoints emerge at Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Introduction
Exposure to chronic stress, whether physical or psychosocial, adversely affects many aspects of health (McEwen, 2008; Juster et al., 2010) by repeated or sustained activation of corticolimbic circuits that trigger sympathetic and limbic-hypothalamic-pituitary-adrenal (LHPA) responses (Herman et al., 2003; Choi et al., 2008; Jankord and Herman, 2008; Ulrich-Lai and Herman, 2009 ). Chronic-stress related adverse health outcomes include cardiovascular, immune, reproductive, and psychiatric illness (McEwen, 1998) , such as anxiety disorders and depression. The brain serotonin (5HT) neurotransmitter system is an important modulator of mood, emotional reactivity and social behaviors via actions at corticolimbic circuits (Owens and Nemeroff, 1994; RL Sanchez et al., 2010) , and the serotonin transporter (5HTT) is a critical regulator of serotonergic transmission, as it removes 5HT from the synapse (Persico, 2010) . 5HTT is encoded by the gene SLC6A4, and the short "s" allele in the polymorphic region of the promoter (5HTTLPR) is associated with lower transcriptional activity in vitro than the long "l" allele in humans (Lesch et al., 1996) . Individuals carrying one or two salleles show increased vulnerability to stress-induced psychopathology, including anxiety and major depression (Caspi et al., 2003; Nordquist and Oreland, 2010; Lesch, 2011) . Further support for a role of brain 5HT systems in psychopathology is provided by evidence of alterations in presynaptic binding to 5HTT Cannon et al., 2007; Murrough et al., 2011) and postsynaptic binding to the 5HT1A receptor Law et al., 2008; Spinelli et al., 2010) in adult humans with depressive disorders and in juvenile nonhuman primates exposed to early adversity.
The risk of stress-related disorders, such as anxiety or major depression, is nearly twice as high for women as for men (Kessler et al., 1993) , and the increased incidence of mood disorders emerges during adolescence in girls (Nolen-Hoeksema and Girgus, 1994; Forbes et al., 2004) . Pubertal status rather than age may be the critical variable (Zahn-Waxler et al., 2000) , as stress-induced mood disorders increase in girls coincident with the appearance of secondary sexual characteristics (Angold et al., 1999; Ge et al., 2001) . Importantly, the adverse consequences of stress during puberty can be attenuated by a supportive social environment (Born et al., 2002; Masten, 2004) such that for most girls adjustment problems are transient, being resolved by early adulthood (Walker et al., 2004) . However, continued exposure to psychosocial stressors may place adolescent females on a high-risk trajectory for further emotional problems and emergence of psychopathology in adulthood (Pine et al., 1998) .
A key question is why puberty is a vulnerable period for the emergence of stress-related mood disorders (Steiner et al., 2003) . Estradiol (E2) is known to facilitate central 5HT activity and improves mood in some women (McEwen, 2001) , so it seems counterintuitive that puberty onset is associated with an increase in vulnerability to mood disorders for girls. However, data from a number of models suggest that a changing E2 milieu may indeed affect measures of emotionality, such as acoustic startle in adult humans (Swerdlow et al., 1997) and animals (Vaillancourt et al., 2002) and negative affect in girls (Buchanan et al., 1992) . Epidemiological evidence of a temporal relation between puberty and emergence of mood disorders in at-risk girls has not identified a clear role for E2 (Zahn-Waxler et al., 2000) , and it is not understood how E2 affects LHPA regulation in girls exposed to social stressors (Young and Altemus, 2004) , suggesting that pubertal changes are complex and potentially modulated by additional biological signals including brain neurochemical signals and social factors. Thus, emotional dysregulation that occurs coincident with puberty in girls may not be due to developmental increases in of E2 per se but rather the result of an increased exposure to socially stressful situations that occur as a consequence of the activational effects of E2 on prosocial behaviors. Given this, a main question that remains unanswered, and the main focus of this paper, is whether pubertal changes in female emotional behavior are predicted by developmental changes in central 5HT activity, and modulated by 5HTT polymorphisms and social status.
The socially-housed rhesus monkey (Macaca mulatta) is an excellent animal model to examine the effects of social stress and 5HTT genetic variation on maturation of the brain 5HT system and behavior in primates. The brain distribution of 5HTT and 5HT-1 and 5HT-2 receptors (Lidow et al., 1989) and 5HT axon terminals (MA Wilson and Molliver, 1991) , as well as the neurodevelopmental patterns of monoamine neurotransmitters and their receptors (Goldman-Rakic and Brown, 1982; Lidow et al., 1991) have been characterized, and many aspects of neuroanatomy and neurochemistry are comparable between rhesus monkeys and humans ). The rhesus monkey also has polymorphisms in the 5HTTLPR (rh5HTTLPR) that are structurally and functionally orthologous to those in humans (Lesch et al., 1997) , and confer similar risk for stress-mediated pathophysiology and psychopathology (Bethea et al., 2004; Michopoulos et al., 2009; Lesch, 2011) . In addition, the macaque social structure is organized by a linear dominance hierarchy that functions to maintain group stability although it is enforced by more dominant animals aggressing subordinates . As a result of this continual harassment and low social status, lower-ranking animals are exposed to unpredictable, repeated social stress and have less control over their social and physical environment (Silk, 2002) . Thus, social subordination in adult female macaques is a wellestablished model to study the adverse health effects of psychosocial stress exposure, including cardiovascular disease, neuroendocrine and reproductive dysfunction and immune compromise (Adams et al., 1985; Gust et al., 1991; Kaplan et al., 1996; Morgan et al., 2002; ME Wilson et al., 2008; Michopoulos et al., 2009; Paiardini et al., 2009 ).
The goal of the present study was to determine how social subordination and 5HTT genotype affect the development of brain 5HTT and 5HT1A receptors during the pubertal transition in female rhesus monkeys and their associations with developmental changes in emotional reactivity in response to the standardized Human Intruder (HI) test (Kalin and Shelton, 1989) . We predicted that developmental exposure to social subordination stress would result in differences in central 5HT activity prior to puberty, which would be magnified during the pubertal transition, particularly in cortico-limbic regions involved in emotional regulation (such as the prefrontal cortex, amygdala and hippocampus) and in 5HT-synthesizing neurons in the raphe nuclei. Based on findings of reduced brain 5HTT binding density in these regions associated with stress-related disorders (Owens and Nemeroff, 1994; Malison et al., 1998) , and in other nonhuman primate models of early life stress , we hypothesized that subordinate female macaques, particularly those with the s allele, would exhibit reduced 5HTT binding potential. We also predicted that 5HT1A receptor binding would be reduced in subordinates, as stress-induced elevations in glucocorticoids reduce 5HT1A receptor binding in limbic regions such as hippocampus (Fernandes et al., 1997; Sargent et al., 2000) .
Experimental Procedures

Subjects
Subjects were twenty-five female juvenile rhesus monkeys living since birth with their mothers and siblings in four complex social groups at the Yerkes National Primate Research Center (YNPRC) Field Station (Lawrenceville, GA) in outdoor, half-acre compounds with an attached indoor area. Each social group consisted of 60-80 animals organized in 7 to 10 matrilines with multiple related adult females and their juvenile offspring as well as two to four adult males. Subjects were reared by their mothers in these social groups where they remained for the duration of this study, which did not impose any experimental intervention to the social structure/environment. At the beginning of the study, subjects ranged from 10-16 months of age, about 14 months prior to puberty onset (defined as menarche, which for this cohort occurred at 29.92±0.62 mo (range: 25.9 to 36.7 mo), consistent with previous reports in rhesus monkeys housed outdoors (ME Wilson et al., 1988) ). Animals were fed standard low-fat, high-fiber monkey chow (Purina Mills International, Lab Diets, #5038, St. Louis MO) twice daily, ad libitum, and had continuous access to water and a daily supplement of fresh fruit and vegetables. The Emory University Institutional Animal Care and Use Committee approved all procedures in accordance with the Guide for Use of Laboratory Animals and the Animal Welfare Act.
Social organization in rhesus monkey groups is defined by linear dominance hierarchy, with matrilines ranking over one another , and offspring assuming the relative rank of their mothers. In this study, each subject's relative dominance rank within the natal group was determined based on outcomes of dyadic agonistic interactions, with the subordinate animal defined as the one who exhibits unequivocal submissive behavior towards another animal. These interactions were recorded as a part of formal behavioral observations collected every two months from the average age of 14.24±0.24 until 36.04±0.21 mo as well as during group checks conducted multiple times each week by research staff. At each formal sampling interval, two 30-minute focal observations (Altmann and Altmann, 1977) were collected on each subject in the format of actor-behavior-recipient, using an established ethogram (Altmann, 1962) to obtain rates of aggressive and submissive behavior directed to and received from group members. For the present analysis, agonistic behavior involving non-family members was used, as this reflects more consequential interactions than with kin (Bernstein and Ehardt, 1985) . Each female's relative rank, determined from these formal observations and periodic group checks, was calculated as the ratio of her rank to the total number of animals in her group, excluding animals <12 mo, such that a female with a rank of 25 out of a group of 100 would have a relative rank of 0.25. For the present analysis, those ranked in the upper 30% (.01-.30) were considered dominant (n=11), and those in the lower 70% were considered subordinate (n=14). Of these 14 subordinate females, five ranked between 0.50 and 0.59 while nine ranked lower than 0.66.
Prior to the start of the study, all subjects were genotyped for polymorphisms in SLC6A4, as described previously . Of the 25 females, 12 (6 dominant & 6 subordinate) were homozygous for the long promoter variant (l/l) and 13 (5 dominant & 8 subordinate) had at least one allele of the short promoter variant (s-variant). 5HTT l/s and s/s genotypes (s-variants) were combined based on the low occurrence of the s/s genotype and previous reports that the l/s genotype produces a phenotype similar to that of the s/s genotype (Champoux et al., 2002) .
Positron Emission Tomography (PET) Radiochemistry
The radiotracers 4-(2′-Methoxyphenyl)- Bars et al., 1998; Kumar and Mann, 2007) , and (Stehouwer et al., 2008) were synthesized in the YNPRC Radiochemistry Laboratory, with a radiochemical purity over 99%. p-[ 18 F]MPPF and [ 18 F]FEmZIENT were used to assess the binding potentials of brain 5HT1A receptor and 5HTT, respectively. Binding potential is defined here as BP ND , the ratio at equilibrium of specifically bound radioligand to that of nondisplaceable radioligand in tissue, a measurement often used to correlate receptor or transporter density with experimental conditions (Innis et al., 2007) .
PET Image Acquisition, Post-processing and Analysis
Each subject received two PET scans, separated by at least 1 month, to assess 5HT1A receptor BP ND and 5HTT BP ND at prepuberty (average ages: 19.37±0.59 and 21.32±0.60 mo, respectively), and peripuberty (average ages: 34.73±0.65 mo and 32.88±0.53 mo, respectively). This timeframe encompassed the transition from a prepubertal period through menarche (29.92±0.62 mo) and occurrence of first ovulation (33.67±0.92 mo) for these females (ME Wilson et al., in press ). Beginning at menarche, each female's blood was sampled twice weekly to assay progesterone levels in order to document her first ovulation (defined as a luteal phase increase in serum progesterone), and subsequent ovulations as well as pregnancy. This information was included in the analyses to rule out effects of "reproductive stage" on BP ND at peripuberty (age 2). At the time of the peripubertal PET scans, all but two females (both subordinate, one l/l and one s-variant), had reached menarche, and all but six (one dominant l/l, three subordinate l/l, and two subordinate svariant females) had attained first ovulation.
PET scans were collected on a Focus 220 microPET scanner (Siemens, Concorde Microsystems, Knoxville, TN; 26 cm transaxial field of view (FOV), 8 cm axial FOV; 2.1 mm isotropic reconstructed resolution) located at the YNPRC Imaging Center (see exceptions below). Subjects were transported from their groups to the Imaging Center the day before the scans. Because this temporary social separation and transport constitutes a potential stressor, all procedures were standardized across subjects and in a manner to minimize stress, to control for potential group effects. Animals were prepped with an i.v. catheter for radioligand infusion and administration of hydration fluids, and scanned supine, with head positioned at standardized coordinates and secured using a soft elastic wrap. Scans were performed under isoflurane anesthesia (1.2%), and subjects received a fiveminute pump infusion of ~4 mCi ( After an initial transmission scan was performed using a Co-57 point source, listmode emission data were acquired for 120 min. The data were rebinned into 21 dynamic frames ranging in duration from 30 sec to 10 min. The attenuation image was reconstructed, segmented into air, tissue (water), and bone and then the segments were replaced with the appropriate 511 keV attenuation coefficients. Images were reconstructed with the manufacturer-supplied FastMAP algorithm and included corrections for attenuation, deadtime, and detector normalization. Each subject's PET images were summed across frames and then manually (rigid-body) registered to her age-appropriate (pre-or peripuberty) T1-weighted MRI (Figs. 1A and 3A) using in-house routines written in the IDL language, as described below. Regions of interest (ROIs) were manually drawn on the MRI image and then propagated to the PET images. Time-activity curves (TACs) were generated and BP ND calculated by Logan analysis using the cerebellum as reference region (Logan et al., 1990; Saigal et al., 2006; Yasuno et al., 2006) . During this longitudinal study, a Siemens P4 microPET scanner (Siemens, Concorde Microsystems, Knoxville, TN; Cherry et al., 1997) was set up at the YNPRC Field Station. The last 25% of the 5HT1A BP ND data (the peripubertal scans from 12 out of 25 subjects) were collected on this system using identical scanning procedures by the same personnel, and balancing experimental groups for status and genotype. A MANOVA performed to evaluate scanner effect on 5HT1A BP ND data revealed a significant effect of age (F 8,15 =10.898, p=.001), and age × scanner interaction (F 8,15 =4.186, p=.008), indicating higher BP ND estimation on the P4 microPET scanner than on the Focus 220. Test-retest studies in 6 additional adult animals confirmed instrumentation bias. In order to control for this bias, the peripubertal 5HT1A data were normalized by 1) calculating a z-distribution separately for the data from each scanner, and 2) converting the mean and variation of the P4 dataset to the Focus 220 distribution. Thus, scanner effect was controlled for by normalizing the smaller subset of data collected on the P4 to the distribution of the larger dataset collected on the Focus 220.
MRI Image Acquisition & Template
Magnetic resonance imaging (MRI) scans were acquired from all subjects at prepuberty (average age: 21.38±0.95 mo) and peripuberty (31.19±0.83) for co-registration to PET scans and tracing of the Regions of Interest (ROI) in the structural MRI images. Scans were acquired at the YNPRC Imaging Center using a 3T Siemens scanner, an 8-channel phase array knee coil and a T1-weighted MPRAGE sequence (TI/TR/TE=950/3000/3.49ms, FOV=96 mm, 8 averages) with a 0.5×0.5×0.5mm 3 voxel size, under anesthesia (1-1.5% isoflurane, inhalation to effect). Each subject's MRI images were reconstructed into a 3D volume and registered (rigid-body) to a custom-made rhesus monkey MRI template created from 16 animals in our colony using non-linear registration algorithms (FSL software, FMRIB Oxford, UK), as previously described (Parr et al., 2012) . The template was aligned to the Wisconsin 112RM-SL rhesus T1 atlas (McLaren et al., 2009; McLaren et al., 2010) , to allow drawing the ROIs in Saleem and Logothetis macaque brain atlas space (Saleem and Logothetis, 2007) .
ROI Tracing Procedures and Anatomical Definitions
An ROI analysis was used to examine group differences in brain regions known to be affected by early stress (Damsa et al., 2008) , following landmarks and procedures previously published in rhesus by our group (Parr et al., 2012) . Briefly, ROI-drawing was guided by macaque brain atlases (Paxinos et al., 2000; Schmahmann and Pandya, 2006; Saleem and Logothetis, 2007) and traced in coronal and sagittal views in the brain structural MRI images, after alignment into atlas space (Saleem and Logothetis, 2007) by a rater blind to experimental groups. ROIs were traced following established anatomical landmarks in macaques and humans (Rosene and Van Hoesen, 1987; Bertolino et al., 1997; MM Sanchez et al., 1998; Giedd et al., 1999; Mathew et al., 2003; McCormick et al., 2005; Machado and Bachevalier, 2007; Spinelli et al., 2009; Payne et al., 2010; Parr et al., 2012) , and included amygdala (AMY), medial and dorsolateral prefrontal cortex (mPFC and dlPFC), anterior cingulate cortex (ACC), orbitofrontal cortex (oPFC), hippocampus (HIPP), and hypothalamus (HYP) and the raphe nuclei. All of these regions are involved in emotional regulation and stress response and are strongly regulated by the serotonin system (Lundberg et al., 2007; Ulrich-Lai and Herman, 2009) . They have also been the focus of previous studies examining the effects of stress on the nonhuman primate brain 5HT system using PET neuroimaging Shively et al., 2006; Spinelli et al., 2010) . Cerebellum (CER) was included as reference region (Yasuno et al., 2006) . When applicable, right and left ROIs were traced separately. The midbrain raphe nuclei (DR) were also included in the analyses due to the high density of somatodendritic 5HT1A receptors working as autoreceptors and 5HTT that regulate 5HT neurotransmission (Stockmeier, 2003) . The raphe nuclei are not easily identified on the MR images so ROIs of this structure were drawn with the aid of the PET data. The ROI was manually drawn on a summed image of the PET data to include all pixels that had values greater than 50% of the peak value.
Behavioral Data Assessment
Each subject's behavioral reactivity was also tested in response to the Human Intruder (HI) paradigm (Kalin and Shelton, 1989) , a standardized test of emotional reactivity, during prepuberty (18.45±0.09 mo), and again during peripuberty (27.32±0.09 mo), for analysis of associations with neuroimaging data. The HI paradigm evokes strong and distinct behavioral responses to novel and threatening stimuli in rhesus monkeys and has been used to examine the role of limbic regions such as AMY and oPFC on emotional regulation (Kalin et al., 2007; Machado et al., 2009 ) as well as the effects of 5HTT genotype (Bethea et al., 2004) . The HI paradigm consists of three consecutive ten-minute conditions: (1) an alone (AL) condition that elicits distress vocalizations and locomotion; (2) a profile (PR) condition where an unfamiliar experimenter enters the testing room and presents his/her facial profile towards the monkey, who typically stops locomoting/vocalizing and freezes while scanning the intruder; and a stare (ST) condition, during which the experimenter faces the animal and makes continuous eye contact with it, which is a threatening behavior for rhesus macaques that induces aggressive and submissive behaviors towards the intruder. Sessions were videotaped and scored for frequencies and durations of behaviors following previously published ethogram and procedures (Machado and Bachevalier, 2006) , with an inter-rater reliability >92%. For analyses of associations with PET data, we selected a set of most salient behaviors (freezing, coo vocalizations, threat, anxiety-like, and lipsmack) reflective of emotional reactivity to the threatening conditions (PR and ST), based on the wellestablished patterns of defensive behaviors elicited by the different HI conditions (Kalin and Shelton, 1989; Kalin et al., 1991; Kalin and Shelton, 1998) , and excluding behaviors with low occurrence across subjects.
Statistical Analysis
5HT1A receptor and 5HTT PET binding potential data were analyzed with PASW Statistics v18.0 RM-ANOVA, using Status (Dominant vs. Subordinate) and 5HTT genotype (l/l vs. svariant) as fixed factors, and Age (prepuberty vs. peripuberty) and brain hemisphere (Left vs. Right) as repeated factors. Fisher's LSD tests were conducted for post-hoc comparisons. For analyses yielding significant effects of status and 5HTT genotype, multiple regression analyses were run adding age at first ovulation to the model to test its potential contribution to the effects on the dependent variable BP ND at peripuberty. To evaluate the potential effect of ovarian hormones (i.e. menstrual cycle phase) on the peripubertal scans, we conducted RM-ANOVAs of 5HT1A BP and 5HTT BP with subject's "reproductive stage" as fixed factor (based on progesterone levels, there were 5 potential categories: prepubertal, follicular phase, luteal phase, pregnant, or post-pubertal but seasonally suppressed) and hemisphere as within-subject factor. RM-ANOVA was also used to test whether rates of group agonistic behavior varied by age, status and genotype. Stepwise multiple regression models were used with a female's relative rank, 5HTT genotype status (0=s-variant, 1=l/l) and BP ND in each ROI (hemispheres averaged) as predictors of each behavior from the HI test (freeze during PR, and freeze, coo, threat, anxiety, and lipsmack during ST) for prepuberty and peripuberty. These analyses were done for each year and each ligand separately. In addition, for those HI behaviors that changed significantly from pre-to peripuberty, models were used to predict the change using relative rank, genotype, and the change in ROI BP ND . Level of statistical significance was set at p<0.05 for all analyses.
Results
5HT1A receptor BP ND
5HT1A receptor BP ND increased significantly with age in every ROI we examined by univariate RM-ANOVA (Fig. 1B) . Main hemisphere effects were also detected (Fig. 1C) , such that 5HT1A receptor BP ND was greater in the right hemisphere for ACC (F 1,21 =30.501, p<.001) and mPFC (F 1,21 =37.042, p<.001) and greater in the left hemisphere for HIPP (F 1,21 =22.518, p<.001). HIPP also showed a significant age × hemisphere interaction (F 1,21 =9.855, p=.005), with greater 5HT1A BP ND in left hemisphere than right at peripuberty (p<.001, Fisher's LSD).
A main effect of social status was observed in HYP, with subordinate females exhibiting higher 5HT1A BP ND than dominants independent of age (F 1,21 =7.544, p=.012; Fig. 2A ).
Follow-up multiple regression analysis indicated that age at first ovulation did not significantly predict peripubertal HYP 5HT1A BP ND (p>.05), or modify the significant effect of status on 5HT1A BP ND (p=.022). A status × age interaction was detected in the dlPFC (F 1,21 =4.647, p=.043; Fig. 2B ) and although post-hoc comparison of means did not yield statistically significant differences, visual inspection of the data suggests that dominant females show a greater increase in binding with age than subordinates.
A 5HTT genotype × hemisphere interaction was detected in the ACC (F 1,21 =8.044, p=.010; Fig. 2C ), with l/l subjects showing similar 5HT1A BP ND in both hemispheres (p=.073, Fisher's LSD), while s-variant subjects showed greater BP ND in the right hemisphere (p<. 001, Fisher's LSD). The mPFC showed a complex interaction of age × hemisphere × status × genotype (F 1,21 =10.684, p=.004; Fig. 2D ). No other status or 5HTT genotype effects were detected in the ROIs. Follow-up RM-ANOVA to evaluate the potential effects of reproductive stage at peripuberty on 5HT1A BP showed no main effect of this factor (reproductive stage categories based on progesterone levels at age 2: prepubertal (n=5 females), pregnant (n=7), postpubertal but seasonally suppressed (n=13)) or interaction with hemisphere (p>.05).
5HTT BP ND
Unlike the consistent increase with age in BP ND identified for the 5HT1A receptor, transporter BP ND increased with age in only three ROIs (ACC: F 1,21 =8.113, p=.010; dlPFC: F 1,21 =18.147, p<.001; DR: F 1,21 =5.013, p=.036; Fig. 3A ) and remained unchanged in others, as shown by RM-ANOVA. Main effects of hemisphere were also detected (Fig. 3B) , such that 5HTT BP ND was lower in left mPFC than in right (F 1,21 =36.011, p<.001), showing the same pattern of asymmetry as the receptor in this prefrontal region. In contrast, left AMY 5HTT BP ND was greater than right (F 1,21 =26.596, p<.001).
Subordinate females had higher 5HTT BP ND in oPFC than dominant females (F 1,21 =6.049, p=.023; Fig. 4A ), the only main effect of status detected for 5HTT BP ND . Follow-up multiple regression analysis indicated that age at first ovulation did not significantly predict peripubertal oPFC 5HTT BP ND (p>.05). A status × hemisphere interaction was detected in the AMY (F 1,21 =7.078, p=.015; Fig. 4B ), with dominant, but not subordinate females, showing significant asymmetry (left hemisphere greater than right) in 5HTT BP ND (p<.001, Fisher's LSD).
A significant status × 5HTT genotype × age interaction was found in ACC (F 1,21 =4.758, p=. 041; Fig. 4D ), where dominant l/l monkeys showed an increase with age in 5HTT BP ND (p<.001, Fisher's LSD) while other groups did not. A similar three-way interaction was seen in the HIPP (F 1,21 =6.458, p=.019; Fig 4E) , where dominant l/l monkeys showed lower 5HTT BP ND than subordinate l/l monkeys during prepuberty (p=0.045, Fisher's LSD), and dominant l/l's BP ND increased from prepuberty to peripuberty (p=0.046, Fisher's LSD) while other groups' BP ND did not. Finally, a genotype × age interaction was detected in HYP (F 1,21 =8.932, p=.007; Fig. 4C ), such that 5HTT BP ND was higher in l/l than s-variant prepubertal animals (p=0.049, Fisher's LSD), and decreased with age in l/l's (p=.005, Fisher's LSD), but not in s-variants. No other status or 5HTT genotype effects were detected in the ROIs. A follow-up RM-ANOVA to evaluate the potential effect of reproductive stage at peripuberty on 5HTT BP (categories based on progesterone levels at age 2: prepubertal (n=5 females), follicular (n=4), luteal (n=7), pregnant (n=5), or postpubertal but seasonally suppressed (n=4)) showed no main effect of reproductive stage for any ROI, and only a reproductive stage × hemisphere interaction for AMY (p=.03). The interaction appears due to lower BP in the left compared to the right hemisphere in pregnant females in contrast to the opposite direction in the four other groups and higher BP in the right amygdala in postpubertal seasonally suppressed females compared to others.
Behavioral Context for Social Subordination Model of Chronic Stress
Over the 20-mo study period, agonistic behavior of the juvenile females involving nonfamily members remained stable (p>0.05) except the frequency of submissive behavior received from others in the group was higher at peripuberty than in prepuberty (F 1,21 =4.75, p=0.041). Significant main effects of status on rates of agonistic behavior were observed independent of age ( Table 2 shows the results of the multiple regression analyses using relative rank, 5HTT genotype, and 5HT1A and 5HTT BP ND as predictors of change in HI test behaviors at both ages. Only models that yielded significant results are shown. Two behaviors changed significantly from pre-to peripuberty, both during ST (the most threatening condition): freezing duration increased, and lip-smacking (appeasement) decreased. Table 3 provides descriptive statistics, by dominance status, for the behaviors significantly predicted by rank, genotype or BP in Table 2 : lipsmacking, freezing and threat behavior during ST.
Multiple regression models of behavioral changes with age in HI test context
The duration of freezing during PR at peripuberty was significantly predicted by higher transporter BP ND in HYP, lower transporter BP ND in mPFC, and lower 5HT1A BP ND in the DR. No predictors emerged for freezing during PR in prepuberty. In contrast, relative rank emerged as a significant predictor of the duration of freezing during ST. At prepuberty, longer durations of freezing were predicted by higher dominance rank. This relation with rank held up at peripuberty but greater 5HTT BP ND in oPFC also significantly contributed to the duration of freezing during ST at that later age. As noted above, the duration of freezing during ST increased from pre-to peripuberty. A greater increase was predicted by higher dominance status and a smaller increase in 5HTT BP ND in ACC.
Threat during ST was also predicted by rank only at prepuberty, with more subordinate females showing more threat behavior (Table 3) . No predictors emerged for threat frequency during PR in peripuberty or for the change from pre-to peripuberty. Predictors for appeasement behavior (lipsmack) during ST showed a developmental difference. At prepuberty, more subordination and higher 5HTT BP ND in dlPFC predicted more lipsmack. However, at peripuberty, greater appeasement was predicted by lower 5HT1A BP ND in oPFC. When the decrease in appeasement with age was evaluated, a bigger decrease was predicted by the 5HTT s-variant genotype.
Discussion
This study provides the first longitudinal evidence of a developmental increase in 5HT1A receptor binding across several brain regions during the female rhesus monkey pubertal transition. The increase in 5HT1A BP ND in these socially housed females is a robust finding, occurring across all groups, regardless of social status or 5HTT genotype, and occurring in left and right hemispheres of all prefrontal regions studied, as well as amygdala, hippocampus, hypothalamus, and raphe nuclei. 5HTT BP ND also showed an increase with age in raphe, ACC, and dlPFC. These changes in brain 5HT systems take place as rhesus females establish more adult-like patterns of behavior within their natal social group, as well as during the Human Intruder paradigm. Indeed, the main developmental changes in behavior during the HI (increase in freezing and decrease in submission/appeasement) could potentially be related to the neurodevelopmental increases in 5HT1A receptors and 5HTT, because the associations between these behaviors and receptors/transporters emerged at peripuberty. We detected an effect of social status on 5HT1A BP ND in the HYP and on 5HTT BP ND in the oPFC, with subordinates showing higher BP ND than dominants in both cases, during the pubertal transition. No main effects of 5HTT genotype were observed for 5HT1A or 5HTT BP ND , though.
The widespread increase of 5HT1A BP ND in prefrontal, limbic, and brainstem regions by up to 50% from pre-to peripuberty in female rhesus monkeys was unexpected, because of previous autoradiographic evidence that 5HT receptor systems (among other neurotransmitters) decline gradually in cortical regions from the juvenile to adolescent period (12 versus 36 months) (Lidow et al., 1991) . Bar-Peled and colleagues (1991) showed that 5HT1A receptors peak prenatally in humans, with greater density in frontal regions in fetuses than in adults, while Lidow and colleagues (1991) found a postnatal peak in 5HT1 & 5HT2 receptors in rhesus monkeys at 2-4 mo, followed by gradual decline until young adulthood, tapering from 36-60 mo (the last age studied), with adult receptor densities higher than those at birth. However, neither study focused on developmental changes during the pubertal transition, which is captured in our data, nor provided information about the sex of the animals included in the study. Theoretically, the striking age-related increase in 5HT1A BP ND detected in our study could reflect a change in receptor density, affinity, or a combination of both (Innis et al., 2007) . Using in vitro autoradiography, Lidow and colleagues (1991) observed no change in apparent affinity for 5HT1 & 5HT2 receptors in rhesus from 0-60 mo of age, inferring that the kinetic properties of these receptors are likely established at birth. Evidence supporting that argument includes the adult-like affinity detected for the 5HT1A receptor during the 2nd-trimester of pregnancy in human fetuses (Bar-Peled et al., 1991) . Based on this and evidence that the maximum specific binding observable in vivo is more appropriately characterized as the subset of available receptors or transporters (Innis et al., 2007) , and can be modulated by factors such as extracellular 5HT levels or receptor internalization, the age-related increases in 5HT1A BP ND in the present study would seem to more likely reflect an increase in the number of available receptors (and transporters) throughout the pubertal transition, than changes in their respective affinities. However, a recent report of general brain reduction in 5HT1A receptor density and affinity in male and female monkeys with early adverse experience, imposed by peerrearing, compared to mother-reared controls at 24 mo of age (Spinelli et al., 2010) , suggests potential developmental effects in affinity from birth to the juvenile period. Therefore, because we were not able to measure whether the developmental changes here were due to changes in receptor density or affinity, this remains an important question for further studies.
These age-related increases in 5HT1A receptor and 5HTT BP ND occur as rhesus females establish more adult-like patterns of behavior within the social group and during the Human Intruder paradigm. The main developmental changes in behavior during the HI (increase in freezing and decrease in submission/appeasement during the ST condition) are correlated with the age-related increases in 5HT1A receptor and 5HTT BP ND , at least based on the emergence of associations between these behaviors and the increased binding potential of these receptors/transporters in specific brain regions at peripuberty, particularly in prefrontal cortex. Similar age-related changes in behavior (reduction in appeasement/lipsmacking) during the HI have been previously reported in male rhesus monkeys (Kalin et al, 1998) .
As expected, dominant females exhibited more aggression and subordinate monkeys exhibited more submission, consistent with the behavioral phenotypes reported for this social subordination stress animal model (Bernstein and Ehardt, 1985) . Although the rate of aggression received by subordinate females did not reach statistical significance in this small cohort of animals in comparison to the bigger dataset ME Wilson et al., in press ), the unpredictable, continual harassment experienced by subordinate females in these groups is a known chronic stressor that results in elevated cortisol and dysregulation of the LHPA axis (Shively et al., 1997a; Shively et al., 1997b; Jarrell et al., 2007; Kaplan et al., 2010; Howell et al., under review) . We observed two main effects of social status on central 5HT measures, both in the opposite direction of our original hypotheses: subordinate females showed higher 5HT1A BP ND in HYP, and higher 5HTT BP ND in oPFC, than dominants. In the human literature, most studies have found reductions in brain 5HT1A BP ND associated with stress-related disorders, in particular, anxiety and depression Hirvonen et al., 2008; Moses-Kolko et al., 2008; Nash et al., 2008; Sullivan et al., 2009) , though some studies have also reported no differences or increased BP in comparison to healthy controls (Bailer et al., 2007; Sullivan et al., 2009 ). Drevets and colleagues (2007) replicated previous findings of reduced 5HT1A BP ND in mesiotemporal cortex and raphe in depressed male and female subjects, although, in a review of the field, noted that inconsistencies in the literature may arise from brain regionspecific effects or pathophysiological heterogeneity within depressive disorders. Age, sex, and reproductive hormones are also significant factors found to affect 5HT1A BP ND (Moller et al., 2007; Raje et al., 2008; Moses-Kolko et al., 2011) .
Most non-human primate models of stress, early life adversity, or depression have also reported reduced brain 5HT1A BP ND associated with behavioral alterations. Adult female cynomolgus monkeys with depressive-like behavior showed overall lower 5HT1A BP ND across AMY, HIPP, cingulate cortex and raphe than controls (Shively et al., 2006) . Male and female marmosets exposed as infants to daily parental deprivation showed lower hippocampal 5HT1A mRNA expression and BP ND compared to their undeprived siblings (Law et al., 2008) . Similarly, using peer-rearing as a model of early adversity, Spinelli and colleagues (2010) found a trend for lower 5HT1A receptor density and significantly lower radioligand affinity overall across all regions studied (AMY, HIPP, ACC, dorsomedial prefrontal cortex and medial cingulate cortex) in peer-reared 24 month-old (male and female) rhesus monkeys compared to their mother-reared counterparts. In contrast to that overall finding, their ROI analysis showed higher 5HT1A BP ND in dorsomedial prefrontal cortex of peer-than mother-reared females, but not males, supporting the notion that inconsistencies in the field may relate to factors such as sex and brain regional-specific effects. In comparison to these studies, we found no effect of social status on 5HT1A BP ND in prefrontal or limbic regions, and the other studies did not assess binding potential in HYP.
Thus, our finding of higher 5HT1A BP ND in HYP of subordinate juvenile female rhesus monkeys is a novel observation.
We chose the HYP as an ROI due to the central role of 5HT neurotransmission in this area in regulating both neuroendocrine stress responses and reproductive function. Although the PET spatial resolution does not allow differentiation of the specific HYP nuclei contributing to the differences in binding, both the paraventricular (PVN) and ventromedial hypothalamic (VMH) nuclei are enriched with postsynaptic 5HT1A receptors. Several studies have reported a stimulatory effect of PVN 5HT1A receptor activation on HPA axis, evidenced by elevated cortisol secretion, which can be prevented with Selective Serotonin Reuptake Inhibitors -SSRIs (Nikisch et al., 2005; Navinés et al., 2007; Gómez-Gil et al., 2010) . Thus, the higher levels of 5HT1A receptor binding detected in the HYP of subordinate females could potentially underlie the elevated levels of cortisol found in parallel studies with the same cohort of animals (ME Wilson et al., in press ). In female macaques, 5HT1A receptor is also very densely expressed in the VMH (Gundlah et al., 1999; Centeno et al., 2007) and although 5HT1A mRNA expression did not differ between stress-sensitive and stressresilient females in those studies, the VMH's role in feeding and sexual behavior (AielloZaldivar et al., 1992; Spiteri et al., 2010) , suggests that the difference in 5HT1A BP ND between dominant and subordinate monkeys in our study could be related to emerging differences in their expression of sexual behavior at peripuberty. Given that 5HT1A receptors in HYP are regulated by ovarian hormones, as one month of estradiol replacement reduces binding sites in HYP of adult ovariectomized macaques , it is possible that the increased receptor sites in subordinate females are related to their greater incidence of delayed puberty onset (ME Wilson et al., 1986; Zehr et al., 2005) and reproductive compromise in adults (Michopoulos et al., 2009; Kaplan et al., 2010) .
Our finding of increased oPFC 5HTT BP ND in subordinate females is also interesting, given the bidirectional connections between the oPFC and AMY (Amaral et al., 1992) and its reported role in mediating trait-like unconditioned behavioral responses to fearful stimuli in rhesus monkeys (Kalin et al., 2001) . For example, lesions to oPFC in adolescent male monkeys reduced freezing behavior in the HI test without affecting other behaviors (Kalin et al., 2007) . Despite the evidence of an important involvement of the oPFC-limbic circuits in the control of emotional reactivity and threat-response, the specific role of 5HT's action through its receptors and transporters in the primate AMY , HIPP, and the complex PFC neurocircuitry (Puig and Gulledge, 2011) is not clearly understood, which complicates interpretation of our findings. Mice 5HTT knockout studies have shown increases in extracellular levels of 5HT in the forebrain (including the PFC), associated with a phenotype of increased anxiety (Li, 2010) , whereas 5HTT transgenic overexpressing mice result in the opposite phenotype (Holmes, 2008) . These effects on emotional regulation are proposed to be modulated by a ventromedial PFC-AMY pathway, and fMRI studies in humans contribute further evidence that PFC-AMY circuitry is critical in emotional regulation (for review, see Hariri and Holmes, 2006) . However, findings from 5HTT knockout studies have to be interpreted with caution in the context of current 5HTT binding potential in primates and humans, given the profound structural effects that alterations in extracellular 5HT levels can have during early development (Hariri and Holmes, 2006) , as well as important cross-species neuroanatomical differences (Uylings et al., 2003; Smith and Porrino, 2008) .
Studies in humans have shown lower 5HTT BP ND associated with mood disorders in men and women (Frankle et al., 2005; Murrough et al., 2011) , but also, the opposite or more complex associations by brain region and disorder heterogeneity (Cannon et al., 2006; Cannon et al., 2007) . Few studies have examined 5HTT BP ND levels in rhesus monkeys, and results are similarly mixed. A recent study found reduced 5HTT BP ND across DR, thalamus, HYP, basal ganglia, ACC, AMY, and HIPP in peer-reared compared to mother-reared male 3 year-old rhesus monkeys. In the opposite direction, although not directly addressing the functional role of 5HTT in primate PFC, a behavioral and neuroendocrine composite measure of anxious temperament correlated positively with 5HTT BP ND in the bed nucleus of the stria terminalis (BNST) and amygdalo-hippocampal region (bilaterally) among adult mother-reared male and female rhesus monkeys . Similarly, 5HTT availability in the raphe nuclei correlated positively with amount of alcohol intake in adult male rhesus monkeys who had undergone social isolation at 6 mo of age followed by peer-rearing (Heinz et al., 2003) . Thus, stress-related psychopathology is not consistently associated with reduced levels of 5HTT BP ND in humans or non-human primates, suggesting more complex, region-specific effects.
To summarize the social status effects on 5HT1A receptor and 5HTT binding potential, a few points are noteworthy. Our findings highlight specific associations of social subordination with 5HT function in localized brain regions of juvenile female macaques, in particular, increases in HYP 5HT1A receptors and oPFC 5HTT. These specific effects found during pubertal development, which could be associational and not necessarily due to a causal relationship, contrast with other data reporting long-term brain-wide changes in other nonhuman primate models of stress and adversity Shively et al., 2006; Spinelli et al., 2010) . However, this social subordination model, which relies on the natural hierarchy and normal variation of behavior of young female rhesus monkeys in their complex, natal social groups is an ethologically valid model of the psychosocial stressors humans face in daily life, and therefore, not necessarily comparable with the early adversity experienced in other primate models such as peer-rearing. Shively and colleagues (2006) showed a stress-induced, dose-effect of depressive-like behavior in stress-sensitive macaque females in association to reduced 5HT1A BP ND . Thus, it is possible that the "dose" of chronic stress to mother-reared, socially-housed subordinate females up to 34 mo of age has not been sufficient to affect brain-wide 5HT neurochemistry and that we would see the development of more striking differences as the animals get older, when a combination of chronic stress, its consequent inhibition of 5HT neural function (Tokuyama et al., 2008; RL Sanchez et al., 2010; Bethea and Reddy, 2012) and potentially reduced exposure to E2 in subordinates could induce a phenotype of maladaptation observable in PET imaging of 5HT function.
The 5HTTLPR short allelic variant has been associated with vulnerabilities to psychopathology and pathophysiology in humans and nonhuman primates (for review, see Nordquist and Oreland, 2010; Lesch, 2011) , including HPA dysregulation (McCormack et al., 2009 ), metabolic and reproductive consequences Michopoulos et al., 2009; Michopoulos et al., 2012) , as well as differences in cognition and brain morphology (Borg et al., 2009; Jedema et al., 2010) , and brain metabolism (Kalin et al., 2008) . Extracellular levels of 5HT (regulated by functional 5HTT protein) have been the hypothesized mechanism underlying the behavioral and clinical effects of 5HTTLPR allelic variation, based on consistent in vitro results (Jedema et al., 2010) . Therefore, 5HT neurotransmission and, consequently, 5HT1A and 5HTT BP ND levels might be expected to differ by 5HTT genotype. However, a consensus is now emerging that current brain 5HT1A or 5HTT BP ND levels, at least in adults, do not relate to 5HTT genotype (Borg et al., 2009; Christian et al., 2009; Murthy et al., 2010; Nordquist and Oreland, 2010; Bose et al., 2011) . In agreement with those reports, the present study found no major effects of rh5HTTLPR genotype on brain 5HT1A or 5HTT BP ND . Thus, the present study extends the finding of lack of genotype effects on markers of 5HT neurotransmission from adults to pre-and peripubertal female primates. Studies showing no effects of rh5HTTLPR genotype on peripheral blood mononuclear cells 5HTT expression, though not a brain measure, in rhesus infants (Kinnally et al., 2010) suggests that the direct effects of genotype on 5HT function may occur earlier, probably prenatally. Thus, the evidence of increased vulnerability of svariant carriers to psychopathology and pathophysiology, without a current correlation with differential brain 5HTT or 5HT1A BP ND point toward structural and functional brain changes occurring early in development, due to neurotrophic effects of different brain 5HT levels (Daubert and Condron, 2010; Jedema et al., 2010) . This hypothesis is bolstered by evidence from rodent knockout models (5HTT, monoamine oxidase A enzyme that degrades serotonin, 5HT1A receptor) demonstrating clear effects of serotonin homeostasis disruption during early development on lifelong brain structure, function and biobehavioral traits (Nordquist and Oreland, 2010 ).
As mentioned above, the developmental increases detected in brain 5HT1A receptors and 5HTTs from pre-to peripuberty take place in parallel to changes in behavior of these females. In fact, our regression analyses suggest that the main developmental changes in behavioral reactivity during the HI test (increase in freezing and decrease in submission/ appeasement) may be related to increases in the receptors and transporters, because associations between these behaviors and markers of 5HT function emerge mostly at peripuberty. As noted above, 5HTT BP ND in the amygdalo-hippocampal region and BNST has been positively associated with a composite measure of anxious temperament (freezing + cortisol + coo) in rhesus monkeys . Further, lesions to oPFC in adolescent monkeys reduced freezing behavior in the HI test without affecting other behaviors (Kalin et al., 2007) . In our study, freezing during PR showed no 5HT associations at prepuberty, but was associated with higher 5HTT BP ND in HYP and lower 5HTT mPFC BP ND and 5HT1A BP ND in DR at peripuberty. Similarly, no relationship between 5HT measures and freezing during the stare condition was found at prepuberty, but at peripuberty lower 5HTT BP ND in oPFC significantly predicted longer freezing durations. In addition, developmental changes in levels of 5HTT in another prefrontal region, the ACC, were associated with freezing behavior in ST: blunted developmental increases in ACC 5HTT BP ND were associated with higher increases in freezing behavior with age. These relationships with markers of prefrontal 5HT function at peripuberty are interesting as oPFC and mPFC have been implicated in the regulation of emotional behavior (Kalin et al., 2001; Oler et al., 2009) , and the ACC implicated in performance monitoring (Jedema et al., 2010) and regulation of impulsive aggression (Frankle et al., 2005) . Finally, lipsmacking (appeasement) behavior during ST decreased with age, and while higher dlPFC 5HTT BP ND was related to more lipsmacking in prepuberty, at peripuberty appeasement was negatively correlated with oPFC 5HT1A BP ND .
Higher social status predicted longer freezing durations during ST and greater increases in this behavior at peripuberty. While such an observation may appear counterintuitive, the longer durations of freezing by more dominant females could reflect more adaptive strategies in response to threat in this group of animals than in the subordinate females, supported by the general increase in this behavior with age. Freezing during the HI, at least during the profile condition, is considered an adaptive behavior to escape detection by a predator (Kalin et al., 2005) . In contrast, subordinate status predicted higher submissive behaviors, maybe a generalization of their increased submission rates in the social context, but only during prepuberty; as the females decreased lipsmack with age, social status no longer differentiated females at peripuberty. Similarly, both dominants and subordinates decreased the frequency of threat behavior during ST with age in the HI test (Table 3) , and subordinate social status predicted more threat behavior only in prepuberty. The age-related changes in these behaviors are interesting, as the changes suggest the emergence of adaptive behavioral responses to environmental stimuli with maturity.
Limitations are unavoidable, particularly in large-scale, longitudinal, developmental studies of multiple outcome measures. As 5HT1A and 5HTT binding are modified by exposure to estrogen and progesterone Lu et al., 2003) , the question of differential hormone exposure during the pubertal transition and reproductive life remains important. Although we did not control for developmental changes in ovarian hormones or menstrual cycle phase at the time of the peripubertal PET scans, we did determine that (1) the timing of first ovulation did not predict differences in 5HT1A receptor or 5HTT binding potential at peripuberty; and (2) based on progesterone levels collected the week before the scan, we were able to establish the "reproductive stage" of the females at the age 2 scans and we detected no main effects of reproductive stage on either 5HT1A BP or 5HTT BP in this study. Despite this important information provided, it has to be acknowledged that the lack of a experimental design at peripuberty where the scans were done at a specific phase of the menstrual cycle, in parallel to the lack of specific estrogen and progesterone levels on the date of the scan represent limitations of this study. The brief social separation and transport prior to scanning constitute likely acute stressors, which could potentially influence rapidly changing components of the serotonin system in the brain (e.g., local 5HT release: Keeney et al., 2006) and our binding potential measures as suggested by evidence that acute stress can lead to 5HT1A and 5HTT expression changes (López et al., 1999; Vollmayr et al., 2000) . In order to control for the potential effects of these unavoidable manipulations, all subjects underwent identical procedures (e.g., handling, transport) according to a standardized protocol and efforts were made to minimize stress. Unfortunately, no blood samples were taken at the time of scan, so cortisol data were not available as a covariate in our analyses. However, the potential acute effects of stress should wash out statistically across groups, allowing our measures of 5HT1A and 5HTT BP to reflect group differences in the chronic effects of psychosocial stress experienced by subordinate females. Similarly, isoflurane anesthesia can also cause acute changes (reductions) in extracellular 5HT levels (Whittington and Virág, 2006) , and receptor binding (Seeman and Kapur, 2003) , at least in rodents. However, anesthesia is an intrinsic limitation when scanning rhesus monkeys, as commonly done in this field Shively et al., 2006; Christian et al., 2009; Oler et al., 2009; Jedema et al., 2010; Spinelli et al., 2010) , and was applied in a similar way across all subjects according to a standardized protocol to control for its potential effects.
Conclusions
This study provides the first longitudinal evidence of developmental increases in 5HT1A receptor and 5HTT binding in the brain of female primates during the pubertal transition. These changes in brain 5HT systems took place as rhesus females established more adultlike patterns of behavior within the social group, as well as during the Human Intruder paradigm. Indeed, the main developmental changes in behavior during the HI (increase in freezing and decrease in submission/appeasement) could be related to the neurodevelopmental increases in 5HT1A receptors and 5HTT, since the associations between these behaviors and receptors/transporters emerge at peripuberty. In addition, the higher 5HT1A BP ND detected in the HYP of subordinate females could underlie the neuroendocrine and reproductive alterations previously reported in this model. Though the underlying mechanisms remain to be clarified, increasing evidence points towards reciprocal and interacting effects of the 5HT, hypothalamic-pituitary-adrenal, hypothalamic-pituitarygonadal, and other systems. In the adolescent period of increased social stress and simultaneous synaptic pruning, these interactions strongly suggest that, in addition to possible prenatal 5HT effects on brain development, adult behavior and brain function may be critically shaped during the pubertal transition, that is in part modified by exposure to social stressors.
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